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Features of supercooled glycerol dynamics
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In this work we compare the relaxation properties of pure dehydrated glycerol with those of the glycerol
usually studiedthe glycerol sample which is not specially protected from water absojpiée show that the
dielectric spectroscopy can distinguish between the different structures and dynamics of these two kinds of
glycerol. We report a relaxation dynamic in the pure dehydrated glycerol crystalline phase. We also show that
the crystallization of the pure dehydrated glycerol near 263 K is accompanied by a specific process, which is
observed in glycerol without a crystalline phase, by differential scanning calorimetry.
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The associated liquids as a group exhibit extremely richwere performed in the same conditions. For this sample we
dynamics and have a special place among many other glaggere not able to control water content, but, definitely the
formers~®In particular, glycerol (GHgO3) has been widely ~conditions of sampleB preparation could be regarded as
used as a model system in many studies, bothahdi more  standard conditions for physical experiments.
recenf~29of glassy substances and supercooled liquids. Usu- To reach crystallization, we cooled sampgierom room
ally glycerol exists only in a liquid, supercooled, or glassytemperature to 133 K. Then measurements of the complex
state. However, after special treatment pure dehydrated glye@helectric permittivitye (f) against frequencyand tempera-
erol can be crystallize®’?! The un-crystallized glycerol is a ture were performed by a Novocontrol Broadband Dielectric
common system used for studying glass-formingSpectroscope 80 setup in the frequency interval from 0.01
dynamics~° while crystallized glycerol, until now, has not Hz up to 3 MHz and for the temperature range from 133 K
been investigated. up to 325 K(see Fig. 1 Thus, overall experimental time was

Under normal conditions glycerol does not undergo crys-30 h and average heating rate was about 0.1 Khin
tallization but rather during cooling it becomes a supercooled Considerable changes #(f) behavior in the measured
liquid, which can be vitrifie4?>"84at T,=190 K. In con- ~ frequency range are observed in the temperature interval
trast, anhydrous glycerol, cooled down below the glassfrom 263 K to 293 K. The transition at 293 K is known as
transition pointT, and then slowly heated up, can be
crystallized?®?* A well-known x-ray stud§* of the glycerol -
structure employed more or less the same procedure of glyc
erol crystallization. However, the crystallization of glycerol
is a very unusual and unstable process, which depends on tr
temperature history and impurities of the sample.

In our work we have made an attempt to investigate the
main features of glycerol crystallization by comparison be-
tween the glass-forming dynamics of anhydrous glycerol ancts
the glycerol that was not specially treated to prevent water'g
absorption. ©

We used glycerol purchased from Flul@lycerine Ana-
lytical 5551900, assay by volume not less than 99.5%0 H
content not more than 0.1%). The bottle of this glycerol was
opened and then stored in desiccated nitrogen atmosphere
room temperature. From this glycerol we prepared two kinds
of samplesA andB.

To prevent water absorption for samgeall of the ma-
nipulations with this sample, such as filling of sample cells
for dielectric spectroscopy and differential scanning calorim-
etry measurements, were performed in desiccated nitrogel
atmosphere. _Then the sample cells were hermetically s_eale( o
Thus, we claim that for sampl&, the water content remains Ceo 100 200
the same as provided by the supplier. For sanipiee did
not take special care to prevent water absorption. The bottle
of this glycerol was used and stor¢dosed with standard FIG. 1. A three-dimensional plot representing the real part of
cap sealed with Parafiim tapé regular laboratory condi- ¢(f) for sampleA. The arrows mark the crystallization temperature
tions at normal pressure, room temperature 25°C and relgT,=263 K), the melting point T,,=293 K), and the principal
tive humidity 35%. All the manipulations with this sample relaxation process, befo®) and after(ll) the crystallization.
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sample A 7,=3.9x10 s, for sample B 7,=2.3
X 10 1¢s, while for the literature datd r,=1.7x10 16 s,
Taking into account the fact that samplewas specially
protected from water absorbtion, it is strongly suspected that
this big difference inr, is provided by water absorbed from
the atmosphere. This observation signifies that even a very
small water content can result in significantly different dy-
namics in the supercooled phase for the anhydrous glycerol
and for the glycerol samples usually studfed

For the 1l relaxation process in samglebove 263 K, we
observed the Arrhenius dependence of the dielectric relax-
ation time 7= 7oexpE,/kT) with an activation energye,
=41+6 kJmol'? and 7y=2.7x10 's (see Fig. 2 The

10°+— T T T T T T T VFT behavior of supercooled glycerol is well known and
34 36 38 40 42 44 46 48 S0 noticed in many early worRs® while the Arrhenius relax-
1000/T [K'] ation is more relevant for crystals. For example, the tempera-

ture dependence of dielectric relaxation timeicé | also
FIG. 2. Sampleﬁ\ before(open boxeband aﬂer(fu” boxes the Obey§4_26 an Arrhenius law with an activation energy of
crystallization compared with sampE (triangles, and literature  5pout 60 kJ moll. It is knowrf>28 that the relaxation ifce
one .

datd® (circles. In the supercooled phase all samples obey a VFT| caysed by the mobility of defects in the crystalline structure
law (full lines), Whllz_e the relaxation process in sampleabove 263 ;o provided either by the impurities or by the amorphous
K obeys an Arrhenius lavidash-dotted line boundary layers between the crystallites. Therefore, the ob-
served process Il is most probably related to the crystalline
phase of glycerol and caused by the mobility of defects in the

is thought to be attributed to the glycerol crystallization. ¢y stajiine lattice while process | could be related to a coop-
Note that the relaxation procefs of the supercooled glyc- erative dynamics of glycerol in a supercooled phase.

erol in this temperature interval disappears and the relaxation 1o ghserved dynamical changes in anhydrous glycerol
process(ll), with a reduced strength, appears in the 1ow-j)aye tg he accompanied by changes in mutual orientations of

frequency region. o neighboring glycerol molecules. Let us further analyze the
The data presented in Fig. 1 were analyzed as a set @ cajled Kirkwood correlation factog, defined asg=1

isothermal spectra using the so-called Havriliak-Neg&my + 2(cos6), wherez is the number of nearest dipole neigh-
empirical dependency bors and(cosé;) is an averaged cosine of the anglg be-
tween two neighboring dipolesee Ref. 27, and references
€57 €x therein. Thus,g>1 signifies that the dipoles have a ten-
+ (1) . ) e .
[1+(i27fr)*)? dency for parallel orientation, 9g<<1 implies antiparallel
orientation whileg=1 corresponds to random dipole orien-
where 7 is the relaxation timeg, ande,, are the low- and tation. The Kirkwood correlation factor can be calculated
high-frequency limits of dielectric permittivity, and and 8 using the following Kirkwood-Frlich formul&’
are exponents reflecting symmetrical and unsymmetrical

the glycerol melting point? Thus, the transition near 263 K

e(f)=e.

broadening of the relaxation peak. It is remarke_tble that in th_e 9 8oMKT (- £..)(28+£..)

liquid and supercooled phases, glycerol exhibits asymmetri- = 2)

cal relaxation peak broadeningr{1,8~0.6) whereas in pN,u? eg(£+2)?

the crystalline phase the broadening is rather symmetric

(0.6<a<0.78=1). where k=1.381x10"22 JK™! is the Boltzmann factorg
To obtain the reference data we measured saBjethe ~ =8.854x 102 Fm™! is the dielectric permittivity of free

usual way with a Novocontrol BDS 80 setup in the fre- space,N,=6.022<10?® mol~! is the Avogadro’s constant,
quency interval from 2 Hz up to 1.8 MHz for the temperatureM =0.921 kg mol ! is the glycerol molar mas¥, 1 =8.91
range from 173 K up to 323 K. In this case, glycerol dem-x10 30 Cm (2.67 D unit3 is the dipole moment of a glyc-
onstrated an observed early dielectric respdn$éin Fig. 2,  erol moleculé?® andp is the glycerol density. In the liquid

we compared temperature dependencies of fitted relaxatighase of glycerop=1261 kgm 2 while in the crystallin&*
time for samplesA and B and data recently published by phase p=1390 kgm 3. The Kirkwood correlation factor
Lunkenheimer and Loid!® The fitting yields that the process calculated with Eq(2) shows significant changes énat 263

() in the supercooled phase for samplethe relaxation in K for anhydrous glycerolsampleA), as presented in Fig. 3.
sampleB, and literature dat& all obey the Vogel-Fulcher- In the room-temperature region, these estimations are in
Tammann(VFT) law 7= 7,exdDT,/(T—T,)]. From the data good agreement with early calculatiéraf g. This behavior
presented in Fig. 2 one can see that values of the VFT temndicates the structural transition in the sample related to
peratureTl, and fragility D are very close for all the samples glycerol crystallization. Note that in the supercooled liquid
whereD=22+2 andT,=122+2 K, while the preexponen- phase of samplé before crystallization, the temperature de-
tial factors r, are remarkably different. For the anhydrous pendence of parameteg is almost negligible, while for

132202-2



BRIEF REPORTS PHYSICAL REVIEW B57, 132202 (2003

14 DS experiment was 0.1 Kmirt. Regretfully, since the

T strength of the DSC output is in direct proportion to the
heating rate, at 0.1 K mirt relevant changes in signal were
smaller than the precision of our DSC measurements. Thus,
we used the standard 5 Kmih and 25 Kmin'? heating
rates and the longest experiment presented in Fig. 4 has an
overall time of 35 min. This heating rate is too fast to crys-
tallize glycerol. However, detailed analysis shows some
changes in the sample heat capacity at 263 K.

For further discussion, note that the dynamics of the
glass-forming substances in supercooled and glassy states are
usually characterized by several specific temperatures: the
calorimetric glass-transition temperatdig; the critical tem-

200 220 240 260 280 300 peratureT ., of the idealized mode coupling the8?y(MCT);
T K] the second scaling temperatufe introduced® to collapse
all the curves in a viscosity fragility plot to a single universal

FIG. 3. The temperature dependence of thehe Kirkwood ~ VFT dependence, and others:®*°Historically,”® the tem-
correlation factor. Open boxes correspond to the relaxation proceg¥eratureT, was introduced as an estimation Bf from the
I in sampleA. Full boxes correspond to the relaxation process Il inviscosity fragility plot of a glass former. Latet®it was dis-
sampleA, while triangles correspond to the sampleValues ofe tinguished from the idealized MCT temperaturg. Thus,
ande., for g calculation were fitted with Eq(1). for most glass-forming substances® ™ 1°T ~(1.2-1.4)T

andT, is close toT . For glycerob*>"#1427 =190 K, T
sampleB behavior, without crystallization, it has a strong has been evaluat&tat 262 K andT, has been estimat&tiat
temperature dependen¢gee Fig. 3 This indicates that the 259 K. At the same time, an attentive analysis of the experi-
two different dynamical patterns of glycerol behavior are re-mental finding3' =3 leads to the conclusion that for many
lated to two different structural organizations of glycerol in glass formers the crystallization rate reaches a maximum in
the supercooled liquid phase. the region of (1.2-1.4), (in other words neafT). Our

In addition to dielectric spectroscofDS) experiments, observation is that slowly heated, pure dehydrated glycerol
we performed differential scanning calorimetiSC) mea-  starts to crystallize near 263 K, in fair agreement with
surements of anhydrous sampleusing a Mettler DSC-30 estimation?*® of glycerol, T, and T,. Therefore, at suffi-
setup for the temperature interval from 133 K up to 303 Kciently low heating rateabout 0.1 K min'?), crystallization
(see Fig. 4. As one can see in Fig. 4, there is no evidence ofpccurs neafl,, since the crystallization rate reaches a maxi-
either crystallization or melting of the glycerol sample. In mum at this point. For fastesay 5 or 25 K min!) heating
this regard one should note that the temperature treatments gites, even the fastest crystallization rateTatcannot pro-
the glycerol samples were different for the DS and DSCyjge glycerol crystallization.
experiments. The average temperature increase rate in the The peculiarity of the DSC signal observed at 263 K is a

subject of special interest. From one point of view this dis-

-1.032 -0.208 tinction could be considered as a sign of the crystallization
onset that we observed in DS experiments. However, from
Fig. 4 one can conclude that this feature seems to be endot-

124

— -1.036-
o - -0.209 hermic or at least shaped like a glass-transition DSC finger-
= 1 040 print. In this regard, recall the discussion, which took place
= - in the late 1970s of the last centu¥y*®At that time Axelson

2 - -0.210 and Mandelkeril analyzed experiential nuclear-magnetic-
3 -1.0444 resonancNMR) data of C'2 relaxation for several glass-
§ 0211 forming substances and found tfat®> NMR spectra for all

1,048 " o analyzed samples collapse at g, temperature well above
1 T, = 263K the T, observed by other experimental techniques. They dis-
' cussed this temperature as an upper limit for the glass tran-
sition. Later Boyer and Gillhaffi suggested a different inter-
pretation for T., as another second-order liquid-liquid
transition in the supercooled liquid state. Our observation of
FIG. 4. DSC output heat flow for anhydrous sampieas a @ DSC signal in the vicinity of 263 K is in fair agreem&ht
function of the sample temperature. The main window shows inith the T, =267 K mentioned above. Thus, the glass-
detail the region of 263 K. Full boxes and left axis correspond totransition-like shape of the DSC signal in Fig. 4 seems to be
25 K min~* heating rate. Open circles and right axis correspond toconsistent with the Boyer and Gillhdfinterpretation of
5 Kmin~! heating rate. The inset window demonstrates the overalll;o; and the structural changes presented in Fig. 3 for the
DSC signal for the experiment with a heating rate of 25 Kmin  Kirkwood factor can be also related to the suggested liquid-

-1.052 -0.212

L) J L) L) L) L) L)
256 258 260 262 264 266 268 270
Sample temperature [K]

132202-3



BRIEF REPORTS

PHYSICAL REVIEW B57, 132202 (2003

liquid transition. Note that this temperature also coincideszation temperaturé-igs. 1 and 2 This fact once again high-

with the dynamical crossover. and T, recognized early

lights the idea about a close relationship between the dynam-

only by dynamic methods. Thus, the heat-capacity propertiei§s, structure, and thermodynamic properties in the super-
nearT, andT, could have dynamic origins. This hypothesis cooled liquid state which requires more experimental and
is also supported by the fact that the peculiarity of the Dscheoretical investigations.

output at 263 K scales quite well with the heating ratem-
pare curves for 5 and 25 Kmin in Fig. 4).
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